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Regulatory T cells (Tregs) are required for the maintenance of immune homeostasis as first clearly described by Herman Waldmann's laboratory. Dysfunction of Treg cells also leads to fatal autoimmunity in humans and mice. Conversely, the activation of different classes of Tregs operative systemically and within the cancer microenvironment can suppress host anti-tumor immune responses and promote tumor progression. Therefore, the development of new therapeutic approaches to regulate the activity of Treg cells may have considerable clinical potential. FOXP3 is the key transcriptional regulator of Treg development and function. The activity of FOXP3 is regulated by acetylation, a process catalyzed by distinct types of histone/protein acetyltransferases (HATs) that regulate the functions of many transcription factors, independently of FOXP3, as well as nonhistone proteins, in addition to their effects on chromatin accessibility. Interactions between FOXP3 and these enzymes determine the suppressive function of FOXP3. Clearly, small molecules targeting these enzymes are candidates for the regulation of Treg function in vaccines and tumor therapies.
Introduction
Regulatory T cells (Tregs) constitute a small subset of CD4 + T cells that play an important role in maintaining the balance between immune tolerance and inflammation [1, 2] . A transcription factor, FOXP3, is crucial for Treg cell differentiation and maturation [3, 4 ] . Through interactions with other transcription factors, FOXP3 suppresses the expression of a variety of inflammatory cytokines and promotes the expression of Treg-associated genes [5] .
Genetic mutations in the FOXP3 locus lead to autoimmune diseases. Scurfy mice develop a fatal lymphoproliferative disorder due to a frameshift mutation of Foxp3 [6] . In human, dysfunction of FOXP3 is associated with immunodysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX) [7, 8] . Evidence from clinical and experimental studies shows that Tregs contribute to the immunosuppression seen during cancer development, a process that prevents effective host clearance of cancer cells [9] [10] [11] [12] . Regulation of FOXP3 function is a dominant research area and insights into FOXP3 functions represent opportunities for the development of new treatments of both human autoimmune diseases and cancer.
Our laboratory has focused on a detailed understanding of the biochemical modifications and atomic structures of the FOXP3-mediated regulatory complexes. We were able to show that FOXP3 undergoes post-translational changes as a consequence of extrinsic cellular signals. Various post-translational modifications of FOXP3, including acetylation, regulate Treg activity. Acetylation of FOXP3 affects its stability and promoter binding activity [13 ,14 ] . The acetylation of FOXP3 is regulated by components of a FOXP3-associated supermolecular complex containing multiple HATs, histone/ protein deacetylases (HDACs) and other transcriptional co-regulators [15, 16 ]. We will focus our discussion on the interactions between FOXP3 and other transcription factors, especially HATs, and how these interactions affect post-translational modifications and activity of FOXP3. The possibility of regulating Treg function through regulating the activity of these enzymes is also discussed.
FOXP3
The role of Foxp3 in immune homeostasis was first identified in scurfy mice that display a phenotype similar to individuals afflicted with a clinical autoimmune lymphoproliferative disease [17] . Mutation of the Foxp3 gene was shown to be responsible for the scurfy phenotype and expression of the normal Foxp3 gene was capable of rescuing the mice from scurfy disease. A variety of studies demonstrated that FOXP3 was predominantly expressed in CD4   +   CD25 + Treg cells, a subset of T cells that had been shown able to suppress the proliferation of activated conventional CD4 + T cells [4 ,18] . Since CD25 is also expressed in activated CD4 + T cells, identification of FOXP3 provided a more reliable marker for Treg cells and has proven crucial for further functional analysis of these cells. However it is now clear that the presence of FOXP3 alone is not sufficient to identify Treg cells as 'functional' as post-translational changes in discrete residues of the protein lead to acquisition of function.
Domain structure of FOXP3
FOXP3 is a member of the forkhead/winged-helix boxcontaining protein P subfamily of transcription factors that include four subfamily members, FOXP1, FOXP2, FOXP3, and FOXP4. All four proteins contain highly conserved C terminal region containing zinc finger and leucine zipper oligomerization domain, and a forkhead DNA binding domain [19, 20] (Figure 1 ). However, FOXP3 differs from other family members. FOXP3's N terminal domain, which is proline-rich shares little similarity with the glutamine-rich N terminal domain of FOXP1, FOXP2, or FOXP4 [15] . This difference may contribute to the unique role of FOXP3 in regulating the development of Treg cells. It is clear that this structural region is required for recruitment of other co-regulators essential for FOXP3-mediated repression of gene expression. Only one isoform of Foxp3 is found in mouse, while two FOXP3 isoforms are found in human, including FOXP3a and FOXP3b [21, 22] . FOXP3b lacks the exon2 coding region that is crucial for its association with transcription factor RORa and RORg [19, 21] (Figure 1) .
Interactions of FOXP3 with other transcription factors
FOXP3 acts both as a transcriptional regulator during Treg development and as a functional regulatory element in the peripheral suppressive T cell pool. An important effect of FOXP3 is to regulate the production of a variety of cytokines through interacting with a range of partner proteins, including transcription factors, the nuclear factor of activated T cells (NFAT), NF-kB, and Runx1/AML1 [15, 23] . Both NFAT and Runx1/AML1 appear to be required for IL-2 expression after T cell receptor (TCR) stimulation [24, 25] . Association of FOXP3 and NFAT and Runx1/AML1 transcription factors represses FOXP3 interacts with other members of the FOXP family to associate with its target promoters by forming a complex that is capable of actively repressing the expression of target genes. Discrete residues of FOXP3 are determining. For instance, deletion of a single amino acid E251 within the leucine zipper region of FOXP3 causes the X-linked autoimmunity-allergic dysregulation (XLAAD) or IPEX syndrome [16 ,26,27] . We have found that this type of mutations disrupt both the homo-oligomerization of FOXP3 and its hetero-association with FOXP1. As a consequence, the mutant FOXP3 fails to associate with the IL-2 promoter and cannot repress IL-2 transcription upon T cell activation [28 ] . Impaired DNA binding property of FOXP3 mutants is considered responsible for the phenotype of patients with XLAAD/IPEX autoimmune syndromes.
Acetylation of FOXP3 regulates both its activity and stability
Our laboratory found that FOXP3 exists in Tregs as part of a large HAT/HDAC complex that regulates the acetylation status of FOXP3 protein. Discovery of acetylation dates from the 1960s, when core histones were first discovered to be acetylated at the e-amino nitrogen specific lysine residues located in the amino terminal tails [29, 30] . Protein acetylation is an important posttranslational modification for regulating protein function. Acetylation of core histones is important to chromatin remodeling and gene activation [31, 32] . However only recently have several non-histone proteins found to be acetylated by HATs. Acetylated proteins include the DNA binding transcription factors p53, NF-kB, TFIIE, signaling regulator Smad3, and cytoskeleton protein atubulin [33] [34] [35] [36] . In contrast to acetylation that occurs in co-translational manner, lysine acetylation is a reversible post-translational process in which the dynamic equilibrium is governed by the competing functions of HATs and HDACs [37, 38] .
We identified FOXP3 acetylation as an important and required post-translational modification that is regulated by components of the HAT/HDAC complex present in Tregs [15, 16 ] . Acetylation has multiple effects on FOXP3. First, acetylated FOXP3 appears to be more stable as HDAC inhibitors (HDACi) or HAT enzymes inhibit or limit FOXP3 degradation [14 ] . The activities of the proteasome inhibitor, MG132, prevent FOXP3 degradation, consistent with the concept that FOXP3 turnover is affected by post-translational modifications. These modifications include acetylation and ubiquitination of FOXP3 key lysine residues. When all the lysines in FOXP3 are mutated to arginines, the stability of the FOXP3 mutant is greatly increased, in fact to a level comparable to acetylated FOXP3 despite the protein's overall deficiency in acetylation [14 ] . Second, the amount of FOXP3 binding to chromatin is significantly increased when it is acetylated, indicating that FOXP3 acetylation promotes DNA binding [13 ] .
When FOXP3 is in complex with TIP60, acetylated FOXP3 is readily detected and overall transcriptional repression ability on the IL-2 promoter is greatly enhanced. These interactions indicate a correlation between TIP60 associated FOXP3 acetylation and Treg activity [16 ] .
p300 also promotes the repressive activity of FOXP3. It is likely that TIP60 and p300 acetylate discrete sets of lysines of FOXP3. Site specific lysine to arginine mutants and anti-actylated lysine antibodies will prove useful in further investigations of the effects of acetylation on FOXP3 function.
Characterization of HATs involved in FOXP3 acetylation
Transcriptional co-activators, including PCAF, p300 (E1A-associated 300 kDa protein) and CBP (CREB-binding protein), have intrinsic acetyltransferase activity [39] [40] [41] . Many other proteins have been found to possess acetyltransferase activities, making the HAT community a very diverse protein family. Based on sequence similarity, known HATs can be divided into three different groups [42 ] , namely the Gcn5/PCAF family, which includes Gcn5, PCAF, and Gcn5L; the p300/CBP family, which includes CBP and p300; and the MYST family, which includes Esa1, MOF, and TIP60.
We have studied the p300 and the MYST family of transferases as well as certain deacetylases. Proteins that modify the acetylation level of FOXP3 include TIP60, p300, HDAC7, HDAC9, and SIRT1 [14 ,16 ] (Figure 2 ). We have also identified HDAC1 as a component of the FOXP3-mediated larger complex. These proteins, upon activation by discrete extrinsic signals, act to regulate the acetylation levels of FOXP3.
Among these proteins, TIP60 of the MYST family and p300 of the p300/CBP family positively regulate the acetylation of FOXP3, while SIRT1 negatively regulates this process. The roles of HDAC7 and HDAC9 in FOXP3 acetylation are relevant but less defined, since class IIa HDACs are thought to lack functional intrinsic catalytic activity and probably act by recruiting class I HDACs such as HDAC3 to the complex. The effects of HDAC on FOXP3 expression are complex and individual HDACs may differentially affect the function of FOXP3 [43] .
Histone acetyltransferases
TIP60 is first known as HIV-1 Tat-interactive protein 60 kDa and possesses cellular acetyltransferase activity [44] . There are three isoforms of TIP60 that arise as a consequence of alternative splicing: TIP60 isoform1, TIP60 isoform2 (TIP60a), and TIP60 isoform3 (TIP60b) [45, 46] . Isoform2 of TIP60 is the most completely characterized biochemically.
TIP60 possesses several functional domains. A MYST domain, composed of a conserved HAT domain and a C2HC zinc finger domain, is conserved in all MYST family members and is responsible for the catalytic activity and substrate binding [47] . Two mutations in the HAT domain, Q377E/G380E, abolish TIP60 binding to acetyl-CoA, resulting in profound deficiency of HAT activity [48] . The C2HC zinc finger located in MYST domain is essential for TIP60 to interact with other proteins [49, 50] . Interaction of TIP60 and p300 is dependent on residues located in this region and this interaction is essential for TIP60 acetylation that is directly promoted by p300 [51 ] . The N-terminal region of TIP60 has a chromodomain that mediates interactions of associated proteins with methylated lysines of histone or RNA molecules in other regulatory proteins [52] , but the actual function of the chromodomain of TIP60 remains to be established. A nuclear receptor interaction box (NR box) has been identified at the C terminal of TIP60 [53] . TIP60 was first found to acetylate histones and modify nucleosomes assembly in vitro [48, 54] . Other transcriptional regulators have been identified as the substrate of TIP60, including transcription factors such as androgen receptor (AR), c-Myc, p53, and ATM [55] [56] [57] . However, studies of the lysine site acetylated by TIP60 have not revealed an apparent consensus motif. Cellular TIP60 forms a large stable protein complex with many other proteins, including the scaffold protein transformation/ transcription domain-associated protein (TRRAP) that is also found in other acetyltransferase complexes, and p400/Domono that has chromatin remodeling activity [48] . In most cases, TIP60 functions as a transcription activator, but it also represses the transcription of certain genes, indicating a selective co-regulatory role of TIP60 in specific gene transcription. TIP60 can enhance the activity of transcription factors directly or serve as a co-activator. It also mediates transcriptional repression by recruitment of other protein complexes. For example, upon IL-9 stimulation, TIP60 recruits HDAC7 to the TIP60/STAT-3 complex in the nucleus, therefore 586 Immune tolerance Figure 2 Regulation of FOXP3 acetylation by HATs and HDACs. HATs and HDACs have contrasting roles in the regulation of FOXP3 acetylation. Acetylation of FOXP3 relies on not only its interaction with HATs (TIP60 and p300) or HDACs (HDAC1, HDAC7, HDAC9 and SIRT1) but also the presence of active forms of enzymes. Both TIP60 and p300 have higher acetyltransferase activity when they are acetylated. Acetylation also appears to avert TIP60 from ubiquitination and subsequent proteasomal degradation. p300 is known to induce acetylation of TIP60, but might also be involved in the degradation of TIP60 under certain circumstance (e.g. HIV infection). As a deacetylase, Sirt1 directly regulates acetylation and activity of TIP60. HDAC7 can also interact with TIP60. The dynamic interplays among HDACs and HATs decide the acetylation status of FOXP3 and affect the function of Treg cells. modulating STAT-3 activity and repressing STAT-3 regulated gene transcription [50] .
Post-translational modifications are important in regulating the activity of TIP60. HIV-1 transactivator Tat uses p300/CBP to stimulate polyubiquitination of TIP60. Ubiquitination promotes the proteasomal degradation of TIP60, resulting in reduced apoptosis in response to genotoxic processes in cells infected by HIV [51 ] . In addition to ubiquitination, activity of TIP60 is affected by acetylation, including auto-acetylation and acetylation mediated by other acetyltransferase like p300/CBP. TIP60 is more active in its acetylated form, which can be stimulated by UV irritation [58 ] . Ubiquitination and acetylation target different domains of TIP60, and the acetylation deficient form of TIP60 can still be ubiquitinated, indicating that these two post-translational modifications are independent [51 ] .
SIRT1, a member of HDAC family, inhibits auto-acetylation of TIP60 and decreases the expression level of TIP60 [58 ,59] . Our unpublished data indicate that p300 can greatly increase the expression level of TIP60. Taken together, these data suggest that the acetylation level of TIP60 may be dynamically regulated by p300 and Sirt1, two independently activated proteins that collectively regulate the protein level of TIP60 (Figure 2) . Regulation reflects the competing effects of acetylation/deacetylation versus ubiquitination and proteasomal degradation, as is the case for other transcription factors.
TIP60 actively takes part in various cellular processes such as p53 pathway, DNA damage repair, and cell apoptosis [48,51 ,60] . Binding of TIP60 to the AR and the acetylation of AR by TIP60 indicate that TIP60 may also play important role in cancer development [55, 61] . Our studies showed that TIP60 promotes FOXP3 acetylation and is involved in FOXP3-mediated transcription repression, defining a role for TIP60 in Treg cell development and regulation of immune responses [16 ] .
We and others have found that p300 is able to promote FOXP3 acetylation [14 ] . Both p300 and CBP can acetylate histones and non-histone proteins. p300 and CBP participate in many physiological processes such as cell proliferation, differentiation, and apoptosis [62] . p300 and CBP were identified through their ability to interact with the adenovirus E1A oncoprotein or cAMP-regulated transcription factor CREB respectively [63, 64] . p300 and CBP have not only overlapping but also different functions. Most transcription factors acetylated by p300 can also be acetylated by CBP. Mice with mutations in p300 or CBP show similar phenotypes, indicating an overlapping role of p300 and CBP during development [65] . CBP but not p300 is required for normal hematopoietic differentiation [66] . Likewise, p300 mRNA ribozymes but not CBP mRNA ribozyme are able to inhibit retinoic-acid-induced differentiation of embryonal carcinoma cells [67] . The basis of these biological differences in activity is unclear.
The genes encoding CBP/p300 are conserved from worms to humans and p300 and CBP share extensive homology. The conserved regions constitute the most functional domains of the two proteins. They contain one bromodomain frequently found in mammalian HAT, three cysteine-histine (CH) rich domain, a KIX domain and glutamine-rich C terminus domain that all serve as docking modules for many transcriptional factors, and an acetyltransferase domain located in the middle of CBP/ p300 [68] . A proteolytically sensitive loop in HAT domain ($residues 1520-1560) has a role in regulating the activity of p300, by serving as a pseudosubstrate and auto-inhibit p300 activity. Acetylation of this loop by p300 itself or other HAT dislodges this loop from the enzyme active center, permitting increased p300 activity [69 ] . The catalytic activity of this domain is not required for the activation of all the CBP/p300 binding transcription factors, suggesting that in addition to directly acetylating transcription factors, CBP/p300 causes transcriptional activation through interactions with other transcription co-activators. CBP/p300 may serve as a bridge to connect transcription factors to components of basal transcription machinery [70, 71] , or act as a scaffold for the assembly of transcription factors, thereby facilitating protein-protein or protein-DNA interactions to confer transcription activation [72, 73] .
Effect of TIP60 and p300 on FOXP3 acetylation TIP60 is expressed in both CD25 + and CD25 À T cells and co-localized with FOXP3 in the nucleus of human Treg cells, indicating the likely role of TIP60 in regulating FOXP3 acetylation under physiological conditions. In 293T cells co-transfected with TIP60 and FOXP3, TIP60 co-immunoprecipitated with FOXP3, and promoted FOXP3 acetylation in a dose-dependent manner. The N terminal of FOXP3 (106-190 aa), which defines FOXP3 uniquely in the FOXP subfamily, is required for FOXP3 binding to TIP60. Deletion of this region or the use of the HAT-deficient form of TIP60 abolishes FOXP3-mediated transcription repression, indicating that the presence of catalytic active TIP60 is essential for the normal function of this repression complex. HDAC7, which is always in complex with TIP60, also interacts with FOXP3 and as a complex participates in FOXP3-mediated transcription repression. Combinations of TIP60 and HDAC7 are needed for maximum FOXP3-mediated transcription repression of the IL-2 promoter. In vivo over expression of TIP60 or HDAC7 alone actually reduces the total repression efficiency, and knockdown of endogenous TIP60 limits FOXP3-mediated transcription repression [16 ] . HDAC7, even though needed for optimal suppression, may play a more complex role in FOXP3 function. It is possible that HDAC7 targets other component of the complex FOXP3 ensemble and affects FOXP3 activity indirectly.
After the discovery of FOXP3 acetylation by TIP60, several lines of evidence indicated that another HAT, p300, also contributed to regulation of FOXP3 acetylation [14 ] . First, p300 co-localizes with FOXP3 in the nucleus. Second, FOXP3 acetylation is increased in the presence of p300. Third, in vitro acetylation assays indicate that FOXP3 acetylation can be mediated by p300.
Acetylation of FOXP3 by p300 is not affected by FOXP3 dimer formation. It is not known whether FOXP3 interacts with TIP60 and p300 in the same way, and the exact acetylation sites of FOXP3 targeted by TIP60 versus p300 have not been identified. Acetylation site of Histone H4 by TIP60 are the GK/AK sites. Interestingly, human FOXP3 also has two GK sites, and one of them is located at the K8 site, which was recently identified by MS sequencing as an acetylated site in FOXP3-transfected Jurkat T cells (Yayi Gao, Mark I. Greene and Bin Li, unpublished data). In 293T cells co-transfected with FOXP3 and p300, FOXP3 acetylation level was not affected by the K8R mutation, but was significantly decreased by K250R or K252R mutations (Yan Xiao and Mark I. Greene, unpublished data). Acetylation at different sites by different HATs may result in different biological functions. Acetylation of p53 at K164 and six C terminal lysines by p300 increases activity and stability of p53 [74] , while acetylation of K120 located in DNA binding domain by TIP60 promotes p53 mediated cell apoptosis [60, 75] . A similar mechanism may exist in regulating FOXP3 activity through acetylation. Different acetyltransferase may acetylate different sites of FOXP3 and lead to different consequences of regulation of FOXP3 activity. Stability of FOXP3 is remarkably increased in the presence of p300, while TIP60 does not discernibly affect its stability [14 ,16 ].
Structural analysis predicts that K250 and K252 play a role in regulating FOXP3 dimer formation and acetylation of these two sites may alter the stability of the FOXP3 dimer. Mutation in K250 and K252 decreases FOXP3 dimer formation (Zhaocai Zhou and Mark I. Greene, unpublished data). Acetylation of these two sites by p300 may serve as a molecular switch that regulates the complex FOXP3 forms either with itself or with other transcription factors.
Our recent data showed that combination of TIP60 and p300 promoted FOXP3 acetylation while either TIP60 or p300 alone only result in weak FOXP3 acetylation (Yan Xiao and Mark Greene, unpublished data).
Since acetylation is also required for the HAT activity of TIP60 and p300 (Figure 2) , a process that is achieved either by auto-acetylation or acetylation by other HATs [59, 76] , one consideration is that TIP60 and p300 may cooperate with each other to facilitate FOXP3 acetylation. p300 promotes TIP60 acetylation, which in turn enhances the HAT activity of TIP60, and this process appears responsible for the increased acetylation level of FOXP3. On the contrary, it is also possible that TIP60 promotes the acetylation of p300, therefore increasing the activity of p300 and facilitating FOXP3 acetylation.
This complicated interplay is currently under investigation in our laboratory. In addition to HAT, extracellular stimuli such as TGF-b can increase the levels of acetylated FOXP3 [13 ] . However IL-6 diminishes FOXP3 levels and acetylation and the ability of the FOXP3 to interact with DNA. One scenario is that the complex FOXP3 ensemble of HATs/HDACs is regulated in response to these diverse sets of signals. Consequently the altered interaction of FOXP3 and these enzymes regulate FOXP3 at a post-translational level. The function of Treg is thereby regulated partly by extracellular stimuli that alter the discrete pattern of modifications by constituents of the regulatory complex.
Significance of regulating FOXP3 acetylation and activity in disease control
Since HAT/HDAC play defining roles in the regulation of FOXP3 activity, it is possible to regulate Treg function by modulating the activity of HAT/HDAC complex [43] . In fact, several HDAC inhibitors have proved effective as therapeutic agents in murine models of collagen-induced arthritis, allograft rejection, and colitis [77, 78, 79 ]. HDAC inhibitor treatment in these mouse models not only increased Foxp3 expression in Treg cells but also enhanced the number and suppressive function of Treg cells, leading to the prevention and improved treatment of autoimmune diseases.
Our laboratory originally described the negative role mediated by Treg during cancer development [11, 12, 80] . Increasing evidence indicated that FOXP3 may inhibit host immune responses directed at cancer cells [81, 82] . Treg cells can be either recruited or converted from naïve T cells and become an obstacle to targeted monoclonal antibody therapy for cancer treatment, a therapy our laboratory introduced for the treatment of HER2/neu mediated human cancers [83] [84] [85] [86] .
Our early efforts were to down regulate T suppressive activities using passively administered antibodies [87, 88] . Downregulating the activity of Treg cells may be an effective anti-cancer treatment that can be achieved by targeting specific enzymes. We can now focus on small molecules that disable specific histone acetyltransferases. Since acetylation of FOXP3 is important to suppressive functions, small molecules inhibiting the activity of HATs would be attractive therapeutics to downregulate Treg activity and enhance the efficacy of targeted cancer therapies.
Conclusion
Our studies have been focused on defining the atomic feature of the FOXP3 protein and how FOXP3 acquires functionality as a consequence of post-translational modifications. Diverse extrinsic signals modify these processes by acting on enzymes within the Treg cell. Acetylation level of FOXP3 determines its function and this process is regulated through its interaction with HAT/HDAC complexes.
It will be important to define the range of signals that can differentially activate single or multiples HATs that are responsible for direct acetylation of FOXP3 in vivo. It is also important to define how this normally controlled set of modifications becomes overwhelmed to adversely affect the function of FOXP3 in the development of autoimmune diseases and cancer. Answers to these biological and biochemical problems will not only broaden our understanding about how FOXP3 regulates Treg development and function, but will also lead to new treatment of autoimmune diseases and cancers.
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